In chronic kidney disease (CKD), evidence suggests that soluble aKlotho (sKlotho) has cardioprotective effects. Contrariwise, high circulating levels of fibroblast growth factor 23 (FGF23) are related to uremic cardiomyopathy development. Recently, it has been demonstrated that sKlotho can act as a soluble FGF23 co-receptor, allowing sKlotho to modulate FGF23 actions in the myocardium, leading to the activation of cardioprotective pathways. Fibroblast growth factor 21 (FGF21) is a cardiomyokine with sKlotho-like protective actions and has never been evaluated in uremic cardiomyopathy. Here, we aimed to evaluate whether recombinant aKlotho (rKlotho) replacement can attenuate cardiac remodeling in an established uremic cardiomyopathy, and to explore its impact on myocardial FGF21 expression. Forty-six male Wistar rats were divided into three groups: control, CKD-untreated, and CKD treated with rKlotho (CKD þ KL). CKD was induced by 5/6 nephrectomy. From weeks 4-8, the control and CKD-untreated groups received vehicle, whereas the CKD þ KL group received subcutaneous rKlotho replacement (0.01 mg/kg) every 48 h. Myocardial remodeling was evaluated by heart weight/tibia length (HW/TL) ratio, echocardiographic parameters, myocardial histomorphometry, and myocardial expression of b-myosin heavy chain (MHCb), alpha smooth muscle actin (aSMA), transient receptor potential cation channel 6 (TRPC6), and FGF21. As expected, CKD animals had reduced levels of sKlotho and increased serum FGF23 levels. Compared to the control group, manifest myocardial remodeling was present in the CKD-untreated group, while it was attenuated in the CKD þ KL group. Furthermore, cardiomyocyte diameter and interstitial fibrotic area were reduced in the CKD þ KL group compared to the CKD-untreated group. Similarly, rKlotho replacement was associated with reduced myocardial expression of TRPC6, MHCb, and aSMA and a higher expression of FGF21. rKlotho showed cardioprotective effects by attenuating myocardial remodeling and reducing TRPC6 expression. Interestingly, rKlotho replacement was also associated with increased myocardial FGF21 expression, suggesting that an interaction between the two cardioprotective pathways needs to be further explored.
Impact statement
This study aimed to evaluate whether rKlotho replacement can attenuate cardiac remodeling in a post-disease onset therapeutic reasoning and explore the impact on myocardial FGF21 expression. This study contributes significantly to the literature, as the therapeutic effects of rKlotho replacement and FGF21 myocardial expression have not been widely evaluated in a setting of uremic cardiomyopathy. For the first time, it has been demonstrated that subcutaneous rKlotho replacement may attenuate cardiac remodeling in established uremic cardiomyopathy and increase myocardial expression of FGF21, suggesting a correlation between aKlotho and myocardial FGF21 expression. The possibility of interaction between the aKlotho and FGF21 cardioprotective pathways needs to be further explored, but, if confirmed, would point to a therapeutic potential of FGF21 in uremic cardiomyopathy.
Introduction
Cardiovascular disease remains the leading cause of mortality in patients with chronic kidney disease (CKD). 1 In these patients, left ventricular hypertrophy (LVH) is the most prevalent cardiac abnormality and is highly correlated with mortality. 2, 3 CKD-related LVH represents an underlying cardiomyopathy (termed "uremic cardiomyopathy") with an unclear multifactorial pathogenesis, characterized not only by cardiomyocyte hypertrophy, but also by exuberant interstitial fibrosis, which leads to mechanical and electrical heart dysfunction. 4, 5 Therefore, despite all current advances in dialysis therapy, and hypertension, anemia, and CKD-related mineral and bone disorder (CKD-MBD) treatments, myocardial remodeling continues to occur in CKD patients, resulting in high cardiovascular mortality rates, mainly due to sudden cardiac death. 6 Recently, phosphate overload, fibroblast growth factor 23 (FGF23) excess, and sKlotho deficiency were shown to play a central role in uremic cardiomyopathy pathophysiology. [7] [8] [9] Phosphate retention due to decreased glomerular filtration rate leads to compensatory FGF23 production, resulting in increased phosphate urinary excretion. 10 Consequently, increased circulating FGF23 levels in CKD may be considered an adaptive mechanism for the maintenance of phosphate homeostasis. 11 Faul et al. 12 provided evidence supporting the maladaptive effects of FGF23 excess in CKD patients, through its aKlotho-independent ability to stimulate myocardial type 4 FGF receptor (FGFR4), resulting in calcineurin/NFAF signaling pathway activation, and consequently, cardiac hypertrophy.
Membrane-bound aKlotho is primarily expressed in the kidney and parathyroid glands, forms complexes with FGFR1-3c and FGFR4, and functions as a FGF23 co-receptor for phosphate homeostasis. 11 Reduced aKlotho expression has been reported in CKD patients, 13 which may be due to either CKD-induced renal mass loss or aKlotho expression suppression. 8 The kidneys are supposed to be the main source of circulating sKlotho. Thus, in patients with CKD, sKlotho serum levels are reduced, which correlates with more cardiovascular events and higher mortality. 14, 15 The precise mechanism by which aKlotho deficiency might contribute to uremic cardiomyopathy development remains unclear. Once membrane-bound aKlotho is not directly expressed in the heart, 16 its cardioprotective effects must either be indirectly related to its effects in phosphate homeostasis or be mediated by sKlotho. 9,11 sKlotho seems to target several hypertrophic/fibrotic pathways in different cell types, including cardiomyocytes, and exerts numerous pleiotropic protective effects against inflammation, apoptosis, and oxidative stress, resulting in less myocardial hypertrophy and fibrosis. [17] [18] [19] Experimentally, while aKlotho-deficient CKD mice exhibit aggravated cardiac hypertrophy, aKlotho-overexpressing CKD mice are protected from it. 20 It is well established that sKlotho can prevent heart hypertrophy by inhibiting TRPC6 calcium channels 21, 22 ; however, it has recently been shown that sKlotho can act as a true circulating co-receptor that binds not only to circulating FGF23, but also to FGF receptors on the cells' surface, 23 making it possible to modulate FGF23-mediated signaling, which might trigger some pleiotropic tissue-protective effects of sKlotho. 24 Similar to FGF23, FGF21 is an endocrine FGF with a Klotho family protein (bKlotho) as co-receptor. 25 Under physiological conditions, FGF21 is produced and secreted primarily by the liver and acts as an endocrine metabolic regulator of glucose and lipid metabolism 26 ; however, in pathophysiological scenarios, it can be expressed, secreted, and act locally in different tissues, exerting cytoprotective actions. [27] [28] [29] [30] [31] [32] As an autocrine/paracrine factor, FGF21 enhances cell metabolism and increases cellular stress resistance through mitochondrial biogenesis and autophagy enhancement, and activation of anti-oxidation and anti-inflammatory mechanisms. 33, 34 Currently, FGF21 is recognized as a protective cardiomyokine with effects resembling those described for sKlotho, 35, 36 but there are no data yet on the role of FGF21 in uremic cardiomyopathy. Since Klotho can act as a soluble FGFR1c co-receptor, it can redirect FGF23 action to activation of cardioprotective pathways rather than harmful ones. In this hypothesis, it is reasonable to explore the possibility that one of the protective pathways activated would be the myocardial FGF21 expression.
Here, we aim to evaluate whether rKlotho subcutaneous replacement can, in a post-disease therapeutic approach, attenuate cardiac remodeling in a manner comparable to that observed in previous studies with a preventive approach and, for the first time, explore, in a uremic cardiomyopathy setting, the myocardial expression of FGF21 and the impact of rKlotho replacement on it.
Materials and methods

Animals
Forty-six male Wistar rats, aged between 8 and 12 weeks and weighing approximately 250-300 g, were studied. Animals were housed in ventilated cabinets under standard laboratory conditions, with controlled humidity, airflow, temperature of 22 C AE 2 C and 12/12-h light-dark cycle. After weaning, animals were fed with standard feed pellets and water ad libitum. All animal procedures performed in studies were in accordance with institutional ethical standards (IRB approval number 042/2013, 044/ 2014, 02/2015 e 039/2015 -CEUA-UFJF).
Experimental model and design
Animals were divided into three groups: control, CKDuntreated, and CKD treated with Klotho (CKD þ KL). Uremia was induced in the CKD groups by 5/6 nephrectomy. 37 From four to eight weeks, the control and CKDuntreated groups received vehicle, whereas the CKD þ KL group received subcutaneous recombinant aKlotho replacement (0.01 mg/kg) every 48 h. 22, 38 Echocardiogram was performed before protocol initiation and before euthanasia. Animals were kept in metabolic cages for 24-h urine collection a day before euthanasia. For euthanasia, animals were anaesthetized, then the right carotid artery was cannulated for blood pressure measurement and blood sample collection. Immediately after blood collection, the heart was Suassuna et al. aKlotho increases myocardial fgf21 expression 67 perfused by ice-cold cardioplegic solution to induce asystolia. 39 The perfused heart was removed; washed; cleaned of fat, pericardium, and atriums; weighed; and then cut at the equatorial cross-section plane into two parts. The apical segment was fractionated and snap-frozen immediately. The remaining heart was fixed in buffered formalin.
Laboratory measurements
Biochemical analysis was performed for creatinine, urea, calcium, phosphate (serum and urine), and alkaline phosphatase (Cobas c111, Roche V R ). Creatinine clearance and fractional phosphate excretion were calculated. We measured serum intact parathyroid hormone (PTHi) (Rat Intact PTH (ELISA) Kit, Immutopics, San Clemente, USA), serum FGF23 (Mouse/Rat Intact FGF23 (ELISA) Kit, Immutopics), and serum FGF21 (Quantikine V R mouse/ rat FGF21 immunoassay, R&D Systems, Minneapolis, USA). aKlotho measurements were performed by IP-IB assay, as previously described. 13 Blood pressure measurement Blood pressure was measured by carotid artery cannulation with a 24 G polytetrafluorethylene (PTFE) heparinized catheter (Descarpack, Sao Paulo -SP) connected to a pressure transducer (PowerLab V R 4/35, ADInstruments Ltd, New South Wales, Australia). The pulse wave was recorded after 5 min for blood pressure stabilization (LabChart V R 7.0, ADInstruments Ltd, New South Wales, Australia) and the mean systolic and diastolic blood pressure were calculated.
Echocardiographic assessment
Echocardiography was performed a day prior to the 5/6th nephrectomy and a day before euthanasia, using a Logiq-e V R handheld ultrasound equipment (GE Healthcare, General Electric Company, US) coupled to 18 MHz L8-18i-RS linear hockey stick transducer (GE Healthcare, General Electric Company, US). Pediatric cardiac preset was used for creation of a small animal preset, changing the scale to millimeters and increased scanning speed. Animals were previously sedated with Xylazine 10 mg/kg intraperitoneal injection and Fentanil 0.025 mg/kg intramuscular injection.
Interventricular septum and left ventricular posterior wall thickness, as well as left ventricular dimensions were obtained by two-dimensional targeted M-mode echocardiographic images at the tips of the papillary muscle from the parasternal short-and long-axis views. Left atrium (LA) was measured in the parasternal long-axis view, just before the mitral valve opening. Transmitral early (E) and late (A) flow velocities were measured by Doppler technique with the sample volume placed at the tips of the mitral leaflet in apical 4-chamber view. Doppler tissue signals (E 0 and A 0 velocities) were obtained at the base of the interventricular septum.
Morphological analysis
After the heart was removed and cleaned of fat, pericardium, and atriums, it was weighed and the HW/TL ratio was calculated, fixed in buffered formalin, and then embedded in paraffin. Four micron cardiac sections in the equatorial plane, including both ventricles, were stained with hematoxylin-eosin (HE) and Picrosirius red (PS), to estimate cardiomyocyte hypertrophy and collagen volume fraction, respectively, using a previously published protocol. 40 The digital image system Axio Cam 506c -Axiovision 4.9.1 software (Carl Zeiss Microscopy, LLC, US) and ImageJ software (National Institutes of Health, EUA) were used for image acquisition and morphometric measurements, respectively.
Immunohistochemistry
Heart slices were deparaffinized and rehydrated, then processed for antigens retrieval, blockade of endogenous peroxidase activity, and non-specific binding sites. Sections were incubated overnight at 4 C with the following (presented as primary antibodies/dilution): anti-MHCb/1:800 (MYH7 Monoclonal Antibody -TH81, Thermo Fisher Scientific, Rockford, IL, USA), anti-aSMA/1:800 (Smooth Muscle Actin Monoclonal Antibody (1A4asm-1), Thermo Fisher Scientific), and anti-TRPC6-extracellular ACC-120/1:250 (Alomone Labs, Jerusalem, Israel). Antibody-antigen binding sites were revealed with 3,3 0 -Diaminobenzidine (DAB). Image acquisition was performed using light microscopy (Axiophot HBO50, Carl Zeiss, Goettingen, Germany) equipped with a high-resolution digital image system (AmScope camera MU100, United Scope LLC, California, USA). Captures consisted of 10 consecutive and nonoverlapping fields, covering the entire LV circumference at 200Â magnification. In each field, the area stained with DAB was estimated using ImageJ software version 1.52 h (National Institutes of Health, USA) according to a previously described technique. 41 
Western blot analysis
Heart fragments were homogenized in ice-cold lysis buffer containing protease inhibitors (AEBSF-Protease Inhibitor Cocktail; Sigma Aldrich). Fifty-microgram protein samples were separated according to size by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted onto nitrocellulose membranes. Membrane blots were probed with anti-FGF21 1:1000 (Invitrogen, PA5-44325) overnight at 4 C and with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at 4 C. Protein bands were visualized using the Immobilon Western HRP substrate (Millipore), and quantified using Uvitec analyses software (Uvitec Limited, Cambridge, UK) as previously described. 42 Ponceau staining was used as a loading control as previously described. 43 Quantitative polymerase chain reaction
Total RNA was extracted from snap-frozen myocardium by the phenol-guanine isothiocyanate-cesium chloride methods as previously described. 44 Expression of specific mRNA sequences (TRPC6 (Rn00677559_m1), FGF-21 (Rn00590706_m1), bMHC (Rn00691731_m1), aMHC (Rn00691721_g1), and Acta2 (Rn01759928_g1)) was assessed by quantitative polymerase chain reaction (PCR) using published protocols. 45 Gene expression was normalized by an internal control gene HPRT (Mn00443358_m1).
Statistical analysis
Data normality was assessed by the Shapiro-Wilk test. Comparison between all groups was performed with one-way analysis of variance, followed by Tukey's post hoc test. Results are expressed as mean AE SD (standard deviation) at a significance level of P < 0.05. All statistical analyses were carried out using SPSS 22 
Results
Renal function, blood pressure, and mineral and bone profile
The 5/6 nephrectomy resulted in an average reduction of 50% in the glomerular filtration rate as shown by increased serum creatinine and reduced creatinine clearance. The degree of resulting renal dysfunction was equivalent to category 3 CKD in humans. There was no difference in renal function between CKD groups ( Table 1) . CKD animals presented higher systolic and diastolic pressure levels than controls. However, systolic or diastolic blood pressure did not differ between CKD-untreated and CKD þ KL groups (Figure 1 ). Moreover, renal function loss affected mineral and bone metabolism, resulting in increased fractional phosphate excretion (FPe), PTHi, and FGF23, and decreased serum aKlotho levels. No significant changes were observed in serum phosphate or alkaline phosphatase levels ( Table 1 , Figures 2 and 3 ).
Echocardiographic assessment
Echocardiographic evaluation showed a significant LVH in the CKD-untreated group compared to the control group, considering interventricular septum thickness, LV posterior wall thickness, and LV mass. In the CKD þ KL group, echocardiographic parameters were significantly reduced, and no significant difference was observed in relation to the control group. No changes in LV systolic function were observed among all groups, when assessed by LV fractional shortening (FS-VE) and LV ejection fraction (FE-VE). Diastolic function assessment showed that both left atrium diameter and E/E 0 ratio were significantly higher, whereas the E 0 /A 0 ratio was significantly lower in the CKD group than in the control group. Thus, left atrial enlargement in CKD animals suggests a higher LV filling pressure, whereas the reduced E 0 /A 0 ratio and increased E/E 0 ratio might indicate lower LV compliance ( Table 2 ).
Myocardial remodeling assessment by HW and histomorphometry
A higher HW/TL ratio was observed in the CKD-untreated group than in the control and CKD þ KL groups (Figure 4  (a) ). Confirming the echocardiographic findings, a thicker interventricular septum was observed by direct measurement of the cardiac sections of the CKD-untreated group (Figure 4(b) and (c)). Histomorphometry assessment showed a significant increase in cardiomyocyte diameter and interstitial fibrosis amount in the CKD-untreated group, whereas in the CKD þ KL group, these parameters were attenuated ( Figure 5 ).
Myocardial remodeling assessment by hypertrophy and fibrosis marker expression
For myocardial hypertrophy markers, we evaluated band a-myosin heavy chain (bMHC and aMHC) expressions. In myocardial remodeling, there was increased bMHC and reduced aMHC expressions. Accordingly, a significant increase was noted in myocardial bMHC expression in the CKD-untreated group at both mRNA and protein levels. Conversely, bMHC expression was attenuated in the CKD þ KL group compared to the CKD-untreated group (Figure 6(a) and (b) ). The aMHC/bMHC ratio was evaluated at the mRNA level by qRT-PCR, and a significant reduction in this ratio was observed in the CKDuntreated group compared to the control group, whereas a partial recovery was detected in the CKD þ KL group ( Figure 6(c) ). As a myocardial fibrosis marker, tissue expression of alpha smooth muscle actin (aSMA) was assessed by IHC and qRT-PCR. Myocardial aSMA expression is very low under normal conditions, but its expression increases during remodeling, especially during myofibroblast onset. Therefore, a significant increase in aSMA expression both at mRNA and protein levels was detected in the CKDuntreated group, greater than in the control group. However, in the CKD þ KL group, aSMA expression returned to baseline levels (Figure 7) . We also appraised myocardial expression of the cationic channel TRPC6. A significant increase in mRNA expression was observed in both CKD groups, more than in the control group. However, cardiomyocyte transmembrane-TRPC6 expression, addressed by IHC using an antibody against extracellular TRPC6, was significantly increased in the myocardium of the CKD-untreated group, whereas the CKD þ KL group had attenuation of its membrane expression ( Figure 8 ).
Serum FGF21 levels and its myocardial expression
A significant increase of serum FGF21 levels was detected in the CKD groups than in the control group (Figure 9 ). Likewise, myocardial FGF21 expression, both at mRNA and protein levels, was significantly increased in the CKD groups than in the controls. However, compared to the CKD-untreated group, the CKD þ KL group had higher myocardial FGF21 expression at mRNA and protein levels, suggesting an influence of rKlotho replacement (Figure 9 ).
Discussion
Our results demonstrated that subcutaneous rKlotho replacement showed a cardioprotective effect in a postdisease onset therapeutic reasoning, since it was able to attenuate the CKD-induced hypertrophy and myocardial fibrosis. The mechanisms by which this endocrine factor exerts its protective effects on myocardium are still unclear, but rKlotho replacement reduced tissue expression of myocardial hypertrophy and fibrosis markers and decreased cardiomyocyte membrane expression of TRPC6. Moreover, for the first time, we found a possible correlation between rKlotho replacement and increased myocardial FGF21 expression, suggesting that FGF21, as a protective cardiomyokine, may be responsible for some cardioprotective effects attributed to sKlotho.
Although no sKlotho receptor has yet been described, a direct cardioprotective effect of sKlotho is well established by many in vitro studies. These studies with isolated cardiomyocytes have reported the direct cardioprotective effect of sKlotho by interfering in several hypertrophic and fibrotic pathways, such as the TRPC6 cardiomyocyte membrane expression, AT1/AII, TGFb, and Wnt/b-Catenin pathways, and attenuating noxious stimuli, such as oxidative stress and inflammation. [20] [21] [22] [46] [47] [48] In vivo studies reported that Klotho deficiency is detrimental to the heart, whereas its abundance is protective. Thus, heterozygous aKlothodeficient mice are prone to develop intense cardiac hypertrophy and fibrosis in both stress-induced (isoprenaline) and uremic cardiomyopathy models. 22, 48 Conversely, transgenic aKlotho-overexpressing mice are protected from cardiac hypertrophy and fibrosis. In these in vivo studies, animals exhibit a primary deficiency or abundance of aKlotho. Likewise, early intraperitoneal rKlotho administration was shown to protect against cardiac pathological changes in mice injected with isoprenaline or indoxyl sulphate. 22, 48 All these studies demonstrated a preventive effect of sKlotho against cardiac remodeling in different scenarios. However, data on the efficacy of late rKlotho treatment for uremic cardiomyopathy are lacking.
In our study, we sought a therapeutic approach. The rKlotho replacement treatment was started after a fourweek disease progression period to mimic the events in CKD patients. In addition to the therapeutic approach, we modified the rKlotho replacement route from IP to the subcutaneous route, since this is routinely used for peptide hormone replacement in clinical practice and might increase rKlotho bioavailability. 49 Our results robustly demonstrated that rKlotho treatment attenuated myocardial remodeling by decreasing echocardiographic, histological, and molecular remodeling parameters in the CKD þ KL group, compared to the CKD-untreated group, suggesting its potential in uremic cardiomyopathy treatment.
As reference of sKlotho cardioprotective effects, myocardial expression of TRPC6 was evaluated. The cationic channel TRPC6 acts as a mechanical stress sensor of cardiomyocyte walls, increasing intracellular calcium influx and activating hypertrophy-related signaling pathways, specifically the calcineurin/NFAT pathway. [50] [51] [52] TRPC6 expression is increased in several experimental models of cardiac hypertrophy and its reduction offers protection. Consistent with Xie et al.'s findings in mice with aKlotho overexpression, treatment of an established uremic cardiomyopathy with rKlotho reduced cardiomyocyte membrane TRPC6 expression, despite its higher myocardial expression at the mRNA level induced by CKD. The mechanism by which sKlotho modulates TRPC6 cation channel localization has recently been elucidated. sKlotho is able to bind to monosialogangliosides present on cell membrane lipid rafts, modulating its lipid organization and resulting in TRPC6 externalization inhibition. 53 For the first time, myocardial FGF21 expression was explored in a scenario of uremic cardiomyopathy, as well as the effect of rKlotho replacement on it. Beyond the hormonal effects on glucose and lipid metabolism, FGF21 presents cytoprotective actions and participates in the cellular stress response. 33, 54, 55 Additionally, FGF21 has recently been recognized as a protective cardiomyokine. 36 Therefore, FGF21 knockout mice, when exposed to cardiac stress by different mechanisms, develop worse cardiac remodeling than wild-type animals. Contrarily, animals under FGF21 replacement exhibit attenuated remodeling. 27, 36, 56 Thus, the myocardium in different scenarios of cellular stress can secrete FGF21 that acts in an autocrine/ paracrine manner, increasing the metabolic capacity of cardiomyocytes and reducing oxidative stress, inflammatory pathways, and apoptosis. 35 These cytoprotective actions reported for FGF21 are similar to those induced by aKlotho replacement, 54, [57] [58] [59] [60] and it is plausible to speculate that some cytoprotective effects attributed to aKlotho may be mediated by the increased myocardial FGF21 expression.
In support of this hypothesis, we observed that, although myocardial FGF21 expression was increased in all CKD animals compared to controls, this increase was significantly higher in the CKD þ KL group. Increased myocardial FGF21 expression in CKD animals was expected due to increased uremia and hypertensioninduced cardiac stress. However, significantly higher expression in the CKD þ KL group than in the untreated CKD group may allude to a connection between rKlotho supplementation and myocardial FGF21 expression. Regarding serum levels of FGF21, all CKD animals also showed higher levels compared to controls, but in a similar range. Since systemic levels of FGF21 are mainly dependent on their production by the liver and renal clearance rate, 26, 61 elevated systemic levels were expected after renal function loss. 62 The fact that increased myocardial FGF21 expression after rKlotho treatment was not accompanied by a simultaneous increase in serum FGF21 levels beyond what was expected, suggests that rKlotho action occurred only locally in the myocardium and not systemically.
The deleterious effect of FGF23 on the myocardium occurs through aKlotho-independent activation of FGFR4 that triggers intracellular signaling via the PLCc/calcineurin/NFAT pathway, leading to pathologic myocardial hypertrophy and fibrosis. 12, 60 The current understanding that sKlotho has an affinity for circulating FGF23, as well as that it may act as a soluble co-receptor for cell surface FGF receptors, allows us to suppose that sKlotho could modulate myocardial FGF23 actions by two distinct mechanisms: first by blocking the binding of circulating FGF23 to the FGFR4 on cardiomyocyte membrane and, secondly, serving as a co-receptor for FGFR1c, which could redirect the action of FGF23 to activation of the cardioprotective pathways rather than the detrimental ones. 24 In this hypothesis, it makes sense to explore the possibility that one of the protective pathways activated would be the myocardial FGF21 expression ( Figure 10) .
The effect of FGF23 binding to myocardial sKlotho-FGFR1c complex is unknown, but it could result in FRS2a-dependent pathway activation (ERK1/2 and Akt signaling pathways). 11 Unlike the calcineurin/NFAT pathway, signaling through ERK1/2 and Akt pathways is associated with physiological cardiac hypertrophy, such as secondary to physical activity or pregnancy. [63] [64] [65] Both physical activity and pregnancy are known to increase FGF21 myocardial expression as well. A hypothetical mechanism by which ERK1/2 and Akt activation results in increased FGF21 expression might occur by cAMP responsive binding element (CREB) transcription factor phosphorylation, which can form a binary complex with PPARa which activates responsive elements in the FGF21 gene promoter, inducing its expression. Myocardial FGF21 could then be secreted into the extracellular space and bind to the cardiomyocyte membrane FGFR1c/bKlotho complex, activating various pathways related to cell metabolism and cytoprotection, resulting in attenuation of cardiac remodeling. 56 The present study has some limitations. First, the absence of in vitro studies prevented us from better assessing the effects of sKlotho on FGF21 myocardial expression and confirming whether the hypothesis of modulation of FGF23 myocardial action by sKlotho is correct. Second, it would have been interesting to evaluate the expression of BNP and ANP in the heart of rKlotho-treated rats and controls, as well as inflammatory and fatty acid oxidation markers related to FGF21 actions. Finally, it would be useful to evaluate the myocardial effect of rKlotho replacement in this same experimental model with FGF21 knockout animals. However, the results support further exploration of this interaction in the future.
In conclusion, the rKlotho replacement, with a therapeutic approach, in this CKD model showed a cardioprotective effect, attenuating myocardial remodeling. This effect was associated with the reduced TRPC6 cation channel externalization on cardiomyocyte membrane and increased myocardial FGF21 expression. This finding rises the hypothesis that aKlotho replacement might interfere on FGF21 myocardial expression. Since FGF21 is a protective cardiomyokine, it could participate in aKlotho-related cardioprotection, or it could be an epiphenomenon. To better explore this interaction and to deepen the understanding of the mechanisms by which this interaction would occur, in vitro studies with cardiomyocytes will be necessary, whereas, to evaluate the clinical effect of FGF21 deficiency and replacement in experimental CKD and uremic cardiomyopathy models, in vivo studies with genetically modified animals will be required.
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